ABSTRACT: Thin Film technology has widespread applications in everyday electronics, notably Liquid Crystal Display screens, solar cells, and organic light emitting diodes. We explore the potential of this technology as charged particle radiation tracking detectors for use in High Energy Physics experiments such as those at the Large Hadron Collider or the Relativistic Heavy Ion Collider. Through modern fabrication techniques, a host of semiconductor materials are available to construct thin, flexible detectors with integrated electronics with pixel sizes on the order of a few microns. We review the material properties of promising candidates, discuss the potential benefits and challenges associated with this technology, and review previously demonstrated applicability as a neutron detector.
Introduction
Thin Film (TF) technology is rapidly advancing due to widespread commercial application in consumer electronics such as liquid crystal displays (LCD) and organic light emitting diodes used in TVs, computer monitors, tablets, and cell phones. TF's boast benefits such as optical transparency, mechanical flexibility, high spatial resolution, large area coverage, and low cost over traditional silicon based semiconductor technology. TF technology uses crystalline growth techniques to layer materials. Layers of particle detection material with amplification electronics can be used to create a particle radiation detector. The advantages of a radiation detector made with this type of technology include single piece large area device (on the order of a few m 2 ), high resolution (<10 µm), low cost (×100 less than Si-CMOS), low mass, and high curvature for a cylindrical, edgeless design [1, 2, 3] .
TF fabrication
The fabrication process uses chemical bath deposition and close-space sublimation techniques on a substrate material to produce thin films with a high degree of precision. Here, the crystalline structure is grown in layers rather the using drilling and etching techniques standard in traditional silicon fabrication. The TF processing is much less expensive. Recently, films as thick as 200 µm-as thick as current silicon bulk-was achieved. [4] 2. TF Design Concept
Design Goals
TF technology opens the door to new materials to replace traditional silicon detectors. The fabrication can be done on flexible substrates such as organic polymers and plastics for flexible detectors. It is conceivable large sheets could be rolled around the beam pipe eliminating the dead areas currently around each silicon sensor. The sensors are very thin, between 5 and 50 microns. Including the integrated electronics, the expected radiation lengths of a single TF detector layer will be only a few percent compared to that of a silicon detector due to the smaller radiation length of other potential semi-conductor materials and its thinness. The cost of a TF detector is also orders of magnitude less than traditional silicon. For example, the cost estimate for polycrystalline CdTe charged particle detector is estimated at <$10 per m 2 for a 2.5 µm thick film. There is also a large saving in the power to bias a TF detector-around 2 V (for a 6 µm thick film) is required for the bias voltage compared to approximately 100 V for silicon sensors and approximately 5-10 V is anticipated for the "front-end" electronics. Many of the materials suggested also work well at room temperature reducing the need for cooling infrastructure. The myriad of potential materials in TF processing also allows the technology to be optimized for different operational needs making it more adaptable.
The goal of a TF based tracking detector is to meet the current performance goals of tracking detectors such as ATLAS or CMS at the LHC at CERN. In order to achieve this some target performance points are established. These include charge yield on the order of 1,000 to 10,000 electrons, an energy resolution of 5-10%, position resolution better than 10 µm, and timing resolution on the order of 10 to 100 ns. The most challenging points expected are the charge amplitude of a signal minimum ionizing particle (MIP) and the timing resolution. These will be addressed in Sections 2.1.1 and 2.1.2.
Charge Generation
The key elements of signal collection in a charged particle detector can be broken down into three main components-the amount of charge deposited into the material, the subsequent charge that is generated, and the percent of charge that is read-out. The amount of charge deposited is proportional to the atomic number, Z; atomic weight, A; and the density of the material, ρ, as shown in Equation 2.1:
where c is the speed of light, m e is the electron mass, z is the charge of the incident particle, β is velocity of the incident particle divided by c, and I is the mean excitation potential, which can be approximated by 10 eV·Z. The value K is a constant given by:
where N A is the Avagadro Number constant and r e is the classical radius of an electron:
where e is the electron charge and ε 0 is the permittivity of free space. Higher order corrections to the formula exist, but were not used to calculate dE dx . The MIP in a detector material is determined by the energy loss, dE dx , and the thickness of the active material in the detector:
where x is the thickness of the active area. The number of ionization pairs subsequently produced is proportional to the energy of the incident particle, E 0 , divided by the mean energy to produce an ionization pair, E i , as shown in Equation 2.5:
where E i is roughly proportional to the band gap energy, E g : Table 1 shows some known values of E g and E i . A linear fit was performed to the data in Table 1 to arrive at an approximation for E i :
Then, the number of electron-hole pairs generated by a MIP is given by: Table 1 . The bandgap energy, E g , and mean energy to produce an electron-hole pair, E i , for several materials. Table 2 shows the charge collection properties of several types of semiconducting materials. The more traditional silicon, germanium, and diamond are compared with potential TF material candidates. The list is not exhaustive of TF materials [5, 6, 7, 8] , but represents a starting point for consideration. Lead Sulfide, PbS, and Indium Antimonide, InSb, materials show promise for use in TF detectors. It is estimated they will generate over 17,000 and 23,000 electrons in 10 µm for the signal. Table 3 lists the material properties relating to the charge collection time.
Signal Timing
The signal collection time is important depending on the type of HEP experiment. The LHC is capable of bunch-crossings every 25 ns or a frequency of 40 MHz. Ideally, a signal could be read out in that amount of time or less to be ready for the next possible interaction. For example, silicon has a characteristic collection time of 34 ns for holes and 11 ns for electrons in 300 µm thick detector at a bias voltage of 60 V. However, there are also applications for slower read-out as well. Therefor, the selected target for the signal collection time is in the range 10-100 ns.
The collection time depends strongly on the electrical properties of the material and the distance the charge carriers travel. The velocity, v, for a charge carrier is proportional to the mobility, µ, times the electric field, E:
The electric field will depend on the detector thickness, applied bias voltage, and the effective doping concentration, which may be manipulated in the detector design. The mobility covers a wide range for different materials as shown in Table 3 . It is possible to select materials with mobilities similar to silicon and even larger for faster signals. 
Layout
A TF sensor will consist of a flexible substrate material approximately 1 µm thick, layered with the bulk detector material on the order of 10-50 µm. It is foreseen that an additional source of amplification will be needed for the detection material. An avalanche diode could be implanted into each pixel and serve to amplify the signal. An integrated charge amplifier and shaper with discrimination logic would be placed in an insulating well separated from its neighbors. The signals for each pixel will then be traced out in additional insulated layers. Pixel sizes can easily be scaled under 10 µm if necessary.
The total thickness of the detector is estimated to be approximately 50 µm. The average density is estimated at roughly 6 g/cm 3 and would be approximately 0.01 radiations lengths per layer. Figure 1 shows a diagram of a possible layout. 
Geometries
TF technology can generally be constructed on single sheets as large as 1-2 m 2 . The radius of curvature is much less than a typical beam pipe. A single sheet can form a cylinder around the beam pipe leaving only one seam of dead material. The flexible nature of the sensor allows for many more types of geometries that could be adapted to the needs of a given experiment. Figure 2 illustrates a few possibilities for detector geometries. 
Radiation Properties of TF
In particle physics experiments, the detector elements and its associated electronics will be subjected to background radiation. The largest radiation levels are found near the accelerator collision points. All charged particles produced there, mesons in the vast majority, will deposit ionization dose and induce displacement damage. The development of devices and electronics that can withstand large doses and are relatively immune to displacement damage is one the biggest challenges in developing tracking detectors. Typical 1 MeV neutron equivalent fluences are on the order of 10 13 -10 17 1 MeV n eq /cm 2 .
Thin film electronics when compared to traditional silicon devices do not absorb large amounts of energy. Typical device thicknesses are less than 20 nm which makes the deposition of energy small. These thicknesses also disfavor the trapping of charge in the insulating layers. The net result is that they are inherently radiation resistant. As the interest in the use of TF based electronics grow in various fields of application, data on the effects of radiation in their performance has become available. Alvarado, et al., exposed TF transistors to a 60 Co to doses up to 10 Mrad observing no changes in the transistor parameters. [9, 10] This result is encouraging as typical test doses are well above the values found at accelerators.
Displacement damage caused by hadrons in the crystalline structure is less known for TFs. This is one of the areas that will require detailed study. However, we expect that this type of effect to be small or negligible. There is no observable effects in CMOS devices even for the small feature size devices. However, the difference here is the choice of materials that can lead to new effects and need to be determined experimentally.
Finally, single event upsets needs to be considered in case logic devices such as switches are to be implemented near the detector. TF devices operate at very low voltages requiring less charge to be switched. On the other hand the very nature of the geometry favors less charge creation and therefore a detailed simulation and experimental study should be carried out. One difference between TF and silicon based devices is that the observation of volumetric effects such as funneling is not expected in TFs. Thus comparatively, we should expect less sensitivity to SEU mostly because charge, larger than Q crit , must be created near the device sensitive areas to induce an SEU.
TF Detectors

TF Neutron Detector
A successful TF neutron detector was built and tested using CdTe detection material and a Boron conversion layer [11, 12] demonstrating the feasibility of this technology as a particle detector. The detection layer was 6 µm thick with 4 µm thick active region. It was exposed to a 210 Po alpha radiation source with particle energy approximately 3500 keV. The collection efficiency was > 80% with a bias voltage of 2 V. The reduction in efficiency was greatly due to the electrode spot size and the probes between the source and electrodes. The full width half maximum (FWHM) energy resolution was approximately 27% to 41%. Figure 3 shows a typical signal from the 210 Po source using off-detector preamp and shaping amplifier. The collection time is on the order of 100 ns.
The amount of charge collected and the charge collection time agree with those predicted for CdTe in Tables 2 and 3 .
Summary
The potential of TF technology and materials to design a charged particle detector for use as a tracking detector in HEP experiments was explored. PbS and InSb materials show promising levels of collected charge and signal time. These materials may meet the charge collection amplitude and time targets of 1,000-10,000 electrons and 10-100 ns, respectively. A successful neutron detector with CdTe was previously measured using a 210 Po source. The results were found to be consistent with expectation. There are many potential benefits for using TF technology including flexible detectors, low cost, large area, low material budget, low power, less cooling, and high pixel granularity. Figure 3 . The inverted signal of the rising edge from an alpha particle from a 210 Po source in a CdTe detector 6 µm active thickness with 1 V bias is shown. The rising edge is on the order of 100 ns.
